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Abstract. We investigate the collision energy dependence of deuteron and antideuteron emission in the
RHIC-BES low- to mid-energy range
√
sNN = 4.6 − 200 GeV where the formation rate of antinuclei
compared to nuclei is strongly suppressed. In the coalescence picture, this can be understood as bulk
emission for nuclei in contrast to surface emission for antinuclei. By comparison with experimental data on
the coalescence parameter B2, we are able to extract the respective source geometries. This interpretation
is further supported by results from the UrQMD transport model, and establishes the following picture: At
low energies, nucleons freeze out over the total fireball volume, while antinucleons are annihilated inside the
nucleon-rich fireball and can only freeze out on its surface. Towards higher energies, this annihilation effect
becomes irrelevant (due to the decreasing baryochemical potential) and the system’s freeze-out is driven
by the mesons. Thus, the nucleon and antinucleon freeze-out distributions become similar with increasing
energy.
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1 Introduction
Among the four fundamental forces in nature, the strong
interaction, which is described by quantum chromody-
namics (QCD), governs the physics on subatomic scales.
Probing these is not only challenging experimentally but
also difficult theoretically due to the non-abelian nature
of QCD. Heavy-ion collisions provide a tool to probe nu-
clear matter under extreme temperatures and densities by
colliding two nuclei in the accelerator. The fireball created
in such a collision heats up to form a quark-gluon plasma
(QGP), then expands and subsequently hadronizes into
particles that are measured in the detector.
The exploration of cluster formation in nuclear re-
actions started more than 50 years ago [1, 2] and has
been continued since then [3–9]. The physics of light (anti-
)nuclei has already a long history covering a broad scien-
tific range from astrophysics, e.g., Big Bang nucleosynthe-
sis [10], hypermatter in neutron stars [11] or signals of dark
matter annihilation [12, 13] to nuclear-particle physics [14]
and even physics beyond the standard model [15, 16]. The
formation process of nuclear clusters in heavy-ion colli-
sions is however still debated. Essentially two ideas exist
to describe the measured yields: direct thermal emission
of the bound cluster from the chemical freeze-out surface
or coalescence of the emitted baryons at kinetic freeze-out
[14, 17–20].
In this work, we explore antideuteron and deuteron
formation by coalescence to reconstruct the spatial geom-
etry of the emission source, considering that at low ener-
gies, the formation of antideuterons is strongly suppressed
compared to deuterons. A successful ansatz to explain this
discrepancy assumes different emission regions [21] for nu-
cleon and antinucleon sources [3, 22] in contrast to simple
coalescence models which do not consider spatial differ-
ences. The main assumption [21, 23] is that the antin-
ucleons can only be emitted from the outer shell of the
medium due to the huge nucleon-antinucleon annihilation
cross section in the central baryon-rich region. Nucleons,
on the other hand, are emitted over the whole volume. For
this paper we will follow the specific implementation of
this idea suggested by Mro´wczyn´ski [21], assuming spher-
ically symmetric (anti-)nucleon source functions and call
this approach ”Mro´wczyn´ski coalescence model”.
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In this paper, we use this model to systematically in-
vestigate the energy dependence of the size of the nucleon
and antinucleon emission sources. We determine the differ-
ent shapes of the antinucleon and nucleon emission regions
as a function of collision energy. Our paper is structured
as follows: In sect. 2, we explain the idea of Mro´wczyn´ski’s
coalescence model in detail. This is followed by our results
on the extracted source radii in sect. 3. These are then
compared to radii obtained from the UrQMD model in
sect. 4. Finally, we close with a summary and conclusions
in sect. 5.
2 (Anti-)Deuteron Formation Rate and
Source Geometry
The coalescence model describes the formation of bary-
onic clusters in the freeze-out stage of a heavy-ion colli-
sion. A pair of final-state (anti-)nucleons carrying similar
momenta can coalesce to form a deuteron or an antideu-
teron with total momentum P. The invariant differential
production cross sections for deuterons (d) and nucleons
(p) – and accordingly for antideuterons and antinucleons
– are related by
E
d3σd
dP 3
=
B2
σinel
(
E
2
d3σp
d (P/2)
3
)2
, (1)
where (E,P) and (E/2,P/2) denote the deuteron and nu-
cleon 4-momenta and σinel is the total inelastic cross sec-
tion. The coalescence parameter B2 can be measured in
heavy-ion experiments or obtained from transport or coa-
lescence models. Here, we employ the spatial coalescence
approach defined by Mro´wczyn´ski [21]. It is based on the
formation rate, A ≡ m2 B2, with m denoting the nucleon
mass (neglecting the mass difference between protons and
neutrons). The formation rate A is calculated as
A ≡ 3
4
(2pi)3
∫ ∫
d3r1d
3r2D(r1)D(r2)|ψd(r1, r2)|2 , (2)
where the nucleon source function D(ri) describes the
probability of finding a nucleon at a given point ri at ki-
netic freeze-out. Furthermore, ψd(r1, r2) denotes the deu-
teron wave function. The nucleons are assumed to be emit-
ted simultaneously and uncorrelated.
We use the ansatz that the nucleon source is distributed
over the whole fireball (volume emission), while the anti-
nucleon source is suppressed towards the center of the fire-
ball (surface emission). The nucleon source function D(r)
is parametrized by a normalized Gaussian [21],
D(ri) =
exp
(−r2i /2r20)
(2pi)3/2r30
, (3)
with r0 being the radius of the fireball. The normalized
antinucleon source function D¯ contains a second Gaussian
of width r∗ that effectively cuts out the central region,
D¯(ri) =
exp
(−r2i /2r20)− exp (−r2i /2r2∗)
(2pi)3/2(r30 − r3∗)
. (4)
It is convenient to formulate the integral in eq. (2) in
center-of-mass coordinates P = p1 + p2, R =
1
2 (r1 + r2)
and relative coordinates p = 12 (p1 − p2), r = r1−r2. The
deuteron wave function then factorizes to
ψd(r1, r2) = e
iP·Rφd(r) , (5)
with the Hulthe´n wave function,
φd(r) =
(
αβ(α+ β)
2pi(α− β)2
)1/2
e−αr − e−βr
r
, (6)
where α = 0.23 fm−1 and β = 1.61 fm−1 [24]. For the
formation rate A in relative coordinates, we write
A ≡ 3
4
(2pi)3
∫
d3rDr(r)|φd(r)|2 , (7)
with the nucleon relative source function
Dr(r) = 1
(4pi)3/2r30
exp
(−r2/4r20) , (8)
which only depends on the relative coordinate r. The anti-
nucleon product source function1 in relative coordinates is
then
D¯r(r) =
r30 e
− r2
4r20 + r3∗ e
− r2
4r2∗ − 2
5
2 r30r
3
∗
(r20+r
2∗)
3
2
e
− r2
2(r20+r
2∗)
(4pi)
3
2 (r30 − r3∗)2
. (9)
Figure 1 shows the antideuteron formation rate A¯(r0, r∗)
according to eq. (7) and (9) for different values of r0 and
r∗. Note that for r∗ = 0 (disappearance of the annihilation
region) the formation rate of antideuterons is the same as
for deuterons.
3 Results
To evaluate the source geometries via r0 and r∗, we fit the
formation rates to the experimental data obtained at dif-
ferent energies. Data on the coalescence parameter B2 [25–
28] is shown in fig. 2 as symbols. We use these to extract
the nucleon r0 from the deuteron formation rateA, eq. (7).
The results of this fitting procedure is shown for the NA49
data and the RHIC-BES data as black lines in fig. 2. To
obtain the values for the antinucleon freeze-out distribu-
tion, we assume that the total source size (parametrized
by r0 of the nucleons) stays the same and we only need to
fit r∗ to describe the antideuteron formation.
The results for r0 and r∗ are shown in fig. 3. At low
energies,
√
sNN ≤ 10 GeV, the fireball radius r0 grows
rapidly with the center-of-mass energy and NA49 data
smoothly overlaps with STAR data. A maximum value of
r0 = 5.35 fm is reached around
√
sNN = 63 GeV. Toward
the higher energy of 200 GeV, r0 decreases again. This
1 Please note that this form differs from the one given in [21]
which contained a minor mistake.
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Fig. 1. (Color online) Antideuteron formation rate as a func-
tion of the source radius r0 as obtained from the coalescence
model for several values of the suppression radius r∗.
decrease is contrary to the assumption that the fireball ra-
dius increases with energy. Since the QGP phase is promi-
nent at this energy, flow effects could significantly affect
B2, which is however beyond the scope of our model. The
absolute value of the inner radius of the antideuteron pro-
duction region shows an increase until
√
sNN = 27 GeV,
followed by a decrease. This might indicate a nutcracker
like shell structure in this energy regime as speculated
by Shuryak [29]. Consequently, with increasing beam en-
ergy, antinucleons have a higher probability to survive af-
ter being produced closer to the center of the fireball. This
indicates that towards higher collision energies annihila-
tion becomes less frequent when the system is no longer
nucleon-, but pion-dominated.
4 Validation with UrQMD Data
Ultrarelativistic Quantum Molecular Dynamics (UrQMD)
is a microscopic transport model based on binary scatter-
ing of hadrons, resonance excitations, resonance decays,
and string dynamics as well as strangeness exchange reac-
tions [30–32]. We use UrQMD to obtain freeze-out coor-
dinates of nucleons and antinucleons for comparison with
our results from the coalescence model. We directly fit
the source functions D(r) and D¯(r) to transverse radius
(rT ) distributions of (anti-)nucleons from central events,
1/rT dN/drT . We divide by rT to account for the ap-
proximately cylindrical geometry at mid-rapidity in the
center-of-mass frame. In this way, we are able to extract
r0 and r∗ directly from the simulation and independent of
the coalescence parameter B2.
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Fig. 2. (Color online) The coalescence parameters for
deuterons (top) and antideuterons (bottom) extracted from
various experimental data [25–28] as a function of energy, rep-
resented by the symbols. The black lines shows our fit of B2
and B¯2 using the extracted radii r0 and r∗ according to the
Mro´wczyn´ski coalescence model [21].
We analyze central (0 − 10%) Au+Au collisions at
the STAR center-of-mass energies,
√
sNN = 7.7, 11.5,
14.5, 19.6, 27, 39, 62.4, and 200 GeV. Figure 4 shows the
rT -distribution of (anti-)nucleons at
√
sNN = 11.5 and
200 GeV. The curves are normalized to unity. As expected
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Fig. 3. (Color online) The radii r0 and r∗ as a function of
energy extracted via the coalescence model. The solid line rep-
resents r0 for nucleon and antinucleon source. The dashed line
represents r∗ of the antinucleon source.
from our analysis above, we notice a qualitatively differ-
ent behavior at the two energies. At 11.5 GeV, the num-
ber of antinucleons is strongly depleted near the center of
the fireball while the number of nucleons is approximately
constant over the transverse area. This clearly reflects the
effect of nucleon-antinucleon annihilation in the baryon-
rich environment. The assumptions of a Gaussian shape
and a Gaussian suppression region apply quite well. The
UrQMD distributions thus support the central idea behind
Mro´wczyn´ski’s coalescence model [21]. At 200 GeV, the
distributions of nucleons and antinucleons resemble each
other, indicating a similar geometry of the nucleon and
antinucleon sources. Both curves decrease towards small
rT demonstrating lower (anti-)nucleon abundance in the
central fireball region. Such dilution is compatible with
the notion of pion domination at high energies.
The extracted values for r0 and r∗ for the (anti-)nucleon
source functions are shown in fig. 5. We find that the re-
sulting r0 values for nucleons and antinucleons are close
together with a very similar energy dependence. This find-
ing corroborates the assumption that we used in the co-
alescence model analysis. In contrast to the coalescence
model values extracted from the data, there is no peak for
r∗ at 27 GeV and no slight decrease in r0 at 200 GeV.
Generally, the UrQMD results are larger by a factor of
around 2. Such systematic deviations are to be expected
because we compare the Mro´wczyn´ski model, assuming
instantaneous (anti-)nucleon freeze-out, to the dynamical
model UrQMD with a time dependent freeze-out.
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Fig. 4. (Color online) The (anti-)nucleon distributions along
the transverse radius rT using UrQMD in central (0 − 10%)
Au+Au collisions at
√
sNN = 11.5 GeV (top) and 200 GeV
(bottom). The curves are normalized such that the integral
over rT yields unity.
Nevertheless, as we can see from fig. 6, the extracted
r∗/r0 ratios from the Mro´wczyn´ski coalescence model and
from UrQMD show a similar trend to decrease with higher
beam energy. This indicates that at low energies, antinu-
cleons are solely emitted close to the surface of the fireball
and that the relative region of suppression shrinks with in-
creasing energy. Note that for
√
sNN ≤ 5 GeV, no reliable
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Fig. 5. (Color online) r0 and r∗ of (anti-)nucleon source as
a function of energy extracted from UrQMD. The circle sym-
bol represents the nucleon, the square symbol the antinucleon
source.
data for the antideuteron coalescence parameter is avail-
able. We estimate that here r0 and r∗ should be very close
to each other resulting in a ratio r∗/r0 ' 1, in agreement
with the UrQMD result.
This investigation justifies the main assumption of the
coalescence model that most antinucleons are emitted on
the outer shell of the fireball, while nucleons are emitted
from the whole source volume.
5 Conclusions
We studied the energy dependence of the formation geom-
etry of deuterons and antideuterons in central heavy-ion
collisions. According to Mro´wczyn´ski’s coalescence model,
nucleons are emitted in the whole fireball of source radius
r0, while antinucleons are suppressed in the center, charac-
terized by the suppression radius r∗. Assuming Gaussian
distributions, we extracted r0 from the deuteron coales-
cence parameter B2. Subsequently, we obtained r∗ from
the antideuteron B¯2.
We find that the relative suppression of antinucleons
recedes with increasing energy. In other words, antideu-
terons can form closer to the fireball center as well. At
the highest energies around 200 GeV, the formation ge-
ometries of deuterons and antideuterons agree. We ar-
gue that the reason is the transition from a nucleon- to
pion-dominated fireball when the center-of-mass energy
increases. This interpretation is backed up by an UrQMD
analysis of the transverse radius profiles of nucleons and
antinucleons at kinetic freeze-out.
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Fig. 6. (Color online) Comparison of energy dependence of
antinucleon source ratio r∗/r0 between UrQMD (square sym-
bol) and coalescence model (star symbol).
Let us finally point to an interesting non-monotonous
structure in the r∗/r0 ratio, see fig. 6 (bottom). The ap-
parent local maximum of r∗/r0 extracted from the data is
around
√
sNN ' 27 GeV. This could be a sign of a change
in the equation of state close to a QCD critical point and
is also reflected in the coalescence parameters measured
by STAR [28]. It would be interesting to further test this
idea when more statistics on antideuteron formation at
low energies are available.
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